ABSTRACT: Solution-exfoliated MoS 2 nano-platelets were formed into thin films by deposition onto a water surface followed by transfer to indium tin oxide coated glass. After drying, a gold electrode was evaporated on top to give a sandwich structure with quasi-Ohmic contacts. Illumination of this device with broadband light of ~1 kW/m 2 intensity gave a fourfold increase in conductivity. The photocurrent increased sub-linearly with intensity and exponentially with time indicating the presence of traps. The photo-responsively was ~10 -4 A/W at 15 V, competitive with other 2-dimensional photoconductors. This work demonstrates the potential for liquidexfoliated, inorganic nanosheets to be fabricated into low-cost optoelectronic devices.
Introduction
Over the last few years interest in 2-dimensional (2D) nano-materials has developed rapidly, partly due to the unprecedented success 1 of graphene. Of the many types of 2D material, 2 the family of transition metal dichalcogenides (TMDs) is particularly interesting. 3, 4 TMDs consist of 2D monolayers which are constructed from a plane of transition metal atoms, usually Mo, W or Nb, sandwiched between two planes of chalcogen atoms i.e. S, Se or Te. Under normal circumstances, TMD monolayers are stacked together to form 3-dimensional crystals. However, it has recently been shown that such crystals can be exfoliated to give mono-or few-layer flakes on surfaces. 5 Alternatively, mono-or few-layerthick films can be grown directly by CVD. 6 Monolayers of TMDs such as MoS 2 have generated much interest due to their exceptional electronic and optical properties. 3 For example MoS 2 and WS 2 monolayers are semiconductors and have been used as the basis of a wide range of electronic and optoelectronic devices including transistors, logic circuits, sensors and light emitting diodes. 3, 7 In particular, mono-and few-layer MoS 2 and WS 2 display photoconductivity and so may find applications as sensitive photodetectors. [8] [9] [10] [11] [12] [13] [14] This is an application to which these materials appear to be particularly suited. For example, individual MoS 2 monolayers have very high photosensitivity, up to 880 A/W at low illumination power. 10, 12 This, coupled with their extremely low noise equivalent power, makes them ideal for very low level photo-detection. 10, 12 In addition, their spectral range can be tuned by control of the MoS 2 flake thickness, 15 leading to a broad photo-response which is expected to extend beyond 900 nm for thick MoS 2 flakes. 9 In addition, MoS 2 photodetectors are extremely robust, working at high temperatures 12 and in harsh environments with high radiation fluences. 16 All of the work described above was performed on CVD-grown or mechanically- ) which showed the presence of micron sized nano-platelets. However, these were largely electron opaque suggesting the nano-platelets to be relatively thick. To measure the nanoplatelet thickness, we deposited a few drops of dispersion onto Si/SiO 2 (200 nm oxide thickness), just dried them in ambient air before imaging with AFM ( figure 1B) .
Measurement of the thickness of many nano-platelets allowed statistical analysis ( figure 1C) showing a broad distribution peaked around 50 nm. This is consistent with the presence of both well-and poorly-exfoliated nano-platelets as expected. In addition, the lateral nanoplatelet dimensions were measured by TEM ( figure 1D ) and showed typical nano-platelets to be approximately 1 m in length.
These dispersions were used to form thin films for electrical testing. In order to avoid the formation of pinholes, a number of film formation methods were attempted before settling on a technique based in principle on the Langmuir-Blodgett method. A 250 ml conical flask was filled to the brim with Millipore Water and, using a pipette, a few drops of the MoS 2 dispersion were slowly dropped onto the rim of the flask and allowed to flow down into the water. This technique employs MoS 2 's inherent hydrophobicity: interaction with the water 5 drives the MoS 2 to the surface while the IPA enters the water subphase. The conical flask is ideal for keeping the concentration of IPA low in a larger body of water whilst allowing film formation over a smaller area. At first the MoS 2 aggregates form at a number of independent nucleation sites. However, as more dispersion is added these sites coalesce resulting in the entire liquid surface becoming covered with a film of MoS 2 nano-platelets.
To transfer this film onto a substrate, an indium tin oxide (ITO)-covered glass slide (1.2 cm1.2 cm) was inserted below the surface using a set of tweezers and slowly pulled out at an angle of ~75 o to the horizontal. This resulted in the ITO being coated with a thin film of MoS 2 nano-platelets. This film was allowed to dry naturally in ambient air until appearing dry whereby it was then placed onto a hotplate at 250 o C for 3 minutes before being removed and allowed to cool. The MoS 2 film thickness was increased by re-dipping a number of times.
However, the water had to be changed every 2-3 coatings to avoid excessive IPA content compromising the film formation.
Results and Discussion
The resultant films were dark grey and visually quite uniform (figure 1F). SEM examination (Zeiss Ultra Plus SEM) showed them to be continuous over length scales greater than a few microns ( figure 1G ). However, when viewed at higher magnification it becomes clear that they are composed of a disordered array of nano-platelets of MoS 2 (figure 1H). The film for which we present electrical data below had a thickness of ~6 m (achieved after 9 dips). However, the thickness varied by ~20% over a line scan of 800 m (Dektak 6M Stylus Profiler) showing that this film formation method could certainly be improved. Raman spectra were recorded for such films (figure 1I). These were very similar to the equivalent spectra for the starting powder confirming the films to consist of relatively thick flakes (the Raman spectra of exfoliated MoS 2 flakes approaches that of bulk MoS 2 for flakes thicker than 6 ~6 layers). 24 We note the peak positions are slightly shifted from those expected for crystalline MoS 2 as is sometimes observed for powdered samples. 25 We also measured the absorbance spectrum of a thin layer prepared on a glass substrate by a single dipping cycle ( figure 1J ). This spectrum displays the features expected from MoS 2 although the spectrum is probably superimposed on a scattering background. injection at Au/MoS 2 interfaces, which is consistent with the presence of Ohmic contacts. [29] [30] [31] [32] In fact, detailed measurements have shown that the potential barrier at the MoS 2 /Au interface is extremely small. 33 This may be partially explained by chemical bonding between gold and sulphur atoms, located at flake edges or defects, leading to a very low injection barrier and so a quasi-Ohmic contact.
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Shown in figure 2A is an I-V curve for an ITO/MoS2/Au sandwich structure device taken in the dark. This curve is symmetric around the origin, as expected if both contacts are
Ohmic. 34 The dark conductivity is ~210 -10 S/m, three orders of magnitude lower than measured for similar films but with in-plane current flow. 23 This is consistent with the anisotropy between in-plane and out of plane conductivities in graphite and suggests the current to be limited by inter-flake transport. 35 In this paper we are interested in the photoconductivity of films of MoS 2 nanoplatelets. As such, we have studied the effect of illuminating the sample through the ITO with a full spectrum solar simulator (Newport 96000), fitted with a Xe arc discharge lamp (150W) and air mass (AM) 1.5 filter. The lamp was calibrated against a standard Si based reference cell. Light intensity at the sample was controlled using a set of neutral density filters (NDFs) purchased from Newport. Shown in figure 2A are I-V curves measured for an MoS 2 film illuminated at different light intensities compared to the dark curve. All curves are symmetric about zero and linear at low voltage although some curvature is observed at higher voltages.
Assuming the contacts are indeed Ohmic, such curvature is probably due to space charge effects. 28 However, such behaviour will not be analysed in this work.
We measured the conductivity (measured in the -2 to 2 V range) as a function of light intensity, F, as shown in figure 2B . figure 2C . In all cases, on illumination a fast photocurrent increase was observed followed by a slow photocurrent increase. Similarly, on cessation of illumination there is a fast decay component followed by a slow decay. Such a slow rise and decay of photocurrent are strong indicators of the presence of traps.
28
Fast rise and decay of photocurrent has been observed by a number of authors in experiments on individual monolayer (or few-layer) MoS 2 or WS 2 , 8, 9, 11, 13 and usually in systems with linear intensity dependence that are assumed to be trap free. In addition, slow photocurrent rise and decay have also been observed. 10, 14 This has been attributed to traps associated with the interaction of the surface of the flake with either the substrate or the ambient gas. We note that a combination of fast and slow photocurrent rise and decay has not been reported for MoS 2 or WS 2 . However, such behaviour is known for semiconductors such as n-type silicon. 28, 38 In such behaviour, the fast component is attributed to the initial 9 equilibration of carrier generation and recombination rates and occurs on the timescale of the carrier lifetime. This can be as fast as ~1 ns in MoS 2 and so is hard to measure experimentally. 9 The slow photocurrent rise is associated with the effects of carrier trapping. 28 Once the light is switched off, the fast decay is due to the recombination of free carriers while the slow decay represents the thermal detrapping of carriers.
As described above, the presence of traps leads to slow rise (decay) of photocurrent as traps fill (empty), slowing the approach to steady state behaviour. A mono-exponential rise (or decay) implies the presence of a single type of discrete trapping state within the gap where re-trapping of freed carriers is negligible. 28, [39] [40] [41] The dark current on decay can be slightly higher than before illumination. This persistent photoconductivity (PPC) is a common effect and is associated with very deep traps. 40, 42, 43 For all light intensities these slow photocurrent increases can be fit to an exponential function of the form / ,, (1 ) intensity. This behaviour is not surprising as the slow component is thought to be controlled by the trap density. 28 The PPC is not plotted but was close to 0.5 nA for all samples.
We note that after long illumination times, the photocurrent will saturate at
This saturation photocurrent increases weakly with intensity. As a result, the saturation photoresponsivity (usually defined as
where F is the incident intensity) falls with increasing intensity. However, at low intensity P R 10 -4 A/W (measured at 15 V), similar to both the lower end of the range reported for CVD grown TMDs 11 and to early graphene photodetectors. 44 However, we note that this does not take the wavelength dependence of the photoconductivity into account. To test this we measured the action spectrum of the photoconductive response using a set of notch filters and the solar simulator. Because the photocurrent scales roughly as 1/2 F , we calculate the measured photocurrent divided by the square root of the integrated incident intensity. This is plotted versus wavelength in figure 1J (inset). We find the spectral response to increase with decreasing wavelength as expected from the absorbance spectrum. We see an apparent peak around 650 nm consistent with the A exciton position in MoS 2 . 45 In addition, the spectral response increases sharply below 500 nm as observed previously for MoS 2 monolayers. 10 This suggests that the photoresponsivity calculated using the absorbed power would be considerably higher than the value quoted above.
In figure 2F time constants for the rise and decay of photocurrent are plotted against F and tend to fall off as roughly F -1/2 . It has been shown that when the  D scales with intensity
, this means the observed time constant equals the carrier lifetime (including time spent in traps). 46 That this lifetime is so long indicates that trapping is a problem in these films. The main difference between the films used here and the MoS 2 or WS 2 samples previously studied is that these films consist of a disordered array of nano-platelets. It is entirely possible that states associated with flake edges are acting as traps. Future work will study methods of passivation of the flake edges with the aim of reducing the number of traps and so minimising their effect.
Conclusion
In summary, we have demonstrated a method to prepare solution-processed thin films of MoS 2 which can be fabricated into photodetectors. These films show a four-fold increase in conductivity on exposure to ~1 kW/m 2 broadband excitation. However, due to the presence of traps the photo-response scales sub-linearly with intensity and increases slowly with time.
However, the photo-responsivity is reasonable, matching that of early monolayer graphene reports. The ability to prepare photo-detectors from inorganic nano-materials such as MoS 2 by solution processing techniques represents an important step forward. Such techniques allow the preparation of cheap, large area devices quickly and at low cost. We consider this the first step toward processing solution-exfoliated 2D materials into a range of optoelectronic devices.
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